Ionic liquids and deep eutectic solvents have great potential in metallurgical applications as specialised solvents. In order to design ionometallurgical electrowinning and electrorefining processes, it is essential to characterise the electrochemical behaviour of metal complexes and compare potentials between relevant solvents. For such investigations, a universal reference redox couple would be desirable. In this study we investigate the speciation and electrochemical behaviour of ferrocenium/ferrocene and hexacyanoferrate(III/II) as possible reference couples for 15 different ionic media on platinum (Pt), glassy carbon (GC) and gold (Au) working electrodes. Amongst other parameters, formal electrode potentials, charge transfer coefficients, and rate constants were calculated. It was found that neither ferrocene nor hexacyanoferrate are universally suitable as redox standards in the liquids investigated. Nevertheless, hexacyanoferrate exhibits clear advantages in most of the strongly coordinating ionic liquids studied here.
Introduction
Ionic liquids (ILs) and Deep Eutectic Solvents (DESs) are commonly described as Designer Solvents. This is based on the rationale that amongst the large number of possible cation-anion combinations, there will be at least one that gives a solute any desired properties. 1, 2 For metallurgical applications, we have shown that control over metal complexation by judicious choice of the solvent anion allows manipulation of electrochemical series for metal extraction, refining and recycling processes. 3 However, comparison of redox potentials between different solvents requires a solvent-independent reference system.
In current ionic liquids research, quasi-reference electrodes are commonly employed. These involve the use of a wire, such as silver 4-6 platinum, 7-9 magnesium 10 or aluminium, 11 either directly in contact with the solution, or separated from the analyte via the means of a frit or Haber-Luggin capillary. 12, 13 With separation of the reference wire from the analyte, side reactions will be prevented. Additionally, if the quasi-reference and working electrode are made from the same material, the reference potential will be fixed at zero. This is convenient for specific applications such as controlling the potential in aluminium plating baths, by using an aluminium wire reference electrode, but does not allow comparison of redox potentials between solvents.
In aqueous media, the redox potentials of a wide range of different species and complexes are well defined 14 due to the availability of stable reference electrodes, such as the AgCl/Ag or calomel electrodes, whose potentials are known relative to the standard hydrogen electrode. Most of these electrodes will not provide a suitable reference in ionic fluids, due to the presence of ill-defined liquid junction potentials, which will add an unknown, and possibly substantial, value to the reference potential. 15 Substituting the aqueous electrolyte for an ionic liquid avoids this issue. 16 In these types of reference electrodes, typically a metal wire is placed in a solution of known metal ion concentration, e.g. Ag/AgTf, 14, 17 Ag/AgBF 4 , 18 Ag/AgNO 3 , 19 or Ag/AgCl, 16 dissolved in the same solvent as the test solution. However, redox potentials are not necessarily comparable between solvents due to differences in speciation and solubility of the redox active species. As the anionic component of each ionic liquid is varied, the speciation of the metal cation in the quasi-reference electrode will also change. Hence, quasi-reference electrodes will produce a stable, but liquid-dependent potential. To define fixed reference potentials in different ionic liquids, it is essential that quasi-reference electrodes be used in conjunction with an internal standard that is stable across a wide range of different solvents. [19] [20] [21] Commonly used redox standards for comparing potentials between different IL media include the IUPAC-recommended ferrocene, [22] [23] [24] [25] [26] bis(biphenyl)chromium, 27 and cobaltocene. 7, 8, [28] [29] [30] Yet, the use of ferrocene as internal standard can be problematic and there is, mostly anecdotal, evidence of the following issues:
(I) the solubility of ferrocene in some ionic liquids is not high enough to enable electrochemical measurements, especially in cases where high viscosity (i.e. slow mass transport) will slow down the electrode reaction;
(II) the ferrocenium ion can react with components of the ionic liquid, if the FeCp 2 +/0 redox potential and the anodic end of the potential window of the liquid are in the same range; (III) the FeCp 2 +/0 redox potential can be highly dependent on solvation effects in different ILs; 20, 25, 31 (IV) ferrocene has a significant vapour pressure and it is hence difficult to make solutions of exact concentrations, especially if the sample is heated.
Other redox couples used in IL media are I 2 /I 3 À , 32 or Li + /Li, 33 however these are less well studied and can be more situational.
In this study, we explore the redox chemistry of hexacyanoferrate in a range of ILs and DESs with anions of different ligand strength and attempt to evaluate its suitability as an internal redox standard. In particular, we evaluate parameters that verify their chemical stability and the reversibility of the electrode reaction. Whilst the redox potentials of hexacyanoferrate salts depend on solvent parameters such as ionic strength in aqueous solution, 34 they have been used in the past as internal standards in ionic media. 35 Here, we characterise the potassium salts of hexacyanoferrate(II) and (III), along with ferrocene, with respect to a reference which is either a frittedoff 0.1 M AgCl/Ag electrode in the solvent being studied, or an Ag wire quasi-reference. Redox behaviour and potentials are investigated via cyclic voltammetry, whereas UV-Vis or Raman spectroscopy are used to provide a measure of solute stability, by detecting any changes in speciation or other solvation effects. The electrochemical data have been modelled to evaluate reversibility and obtain parameters such as formal potentials, charge transfer coefficients, and rate constants.
Experimental
Structure formulae of all ionic solvents used in this study can be found in the ESI. † All DESs were made by the method described in previous publications. 36, 37 Mixtures were made with 1 mol eq. of choline chloride and 2 mol eq. of either 1,2-ethanediol (Ethaline), 1,2-propanediol (Propaline) or glycerol (Glyceline). The imidazolium-based ionic liquids, trihydrate (99%, VVB Pharma Schering Adlershof), potassium hexacyanoferrate(III) (analytical grade, VEB Laborchemie Apolda), and ferrocene (98%, Aldrich) were tested for use as internal standards. Solutions were made with concentrations from 5 to 20 mM, with stirring at room temperature or 50 1C, and the same solutions were used for both spectroscopy and voltammetric analysis.
Cyclic voltammetry (CV) investigations were carried out using a Gamry Instruments Interface1000 potentiostat controlled with Gamry Framework data acquisition software version 6.25. A three-electrode system was used, where the working electrode was a 3 mm diameter platinum or glassy carbon disc, or a 1 mm diameter gold disc, with a platinum wire counter electrode. The reference electrode was either a silver wire in a fritted-off solution of 0.1 M AgCl in the chloride-based liquids, or a silver wire quasi-reference electrode, separated from the analyte via a Haber-Luggin capillary in all other liquids. The working electrode was polished with 0.3 mm g-alumina paste and rinsed with deionised water and acetone prior to each experiment. If not otherwise specified, all cyclic voltammograms were recorded at room temperature, with sweep rates varying from 5 to 100 mV s À1 .
Ultraviolet-visible (UV-Vis) spectroscopy was carried out using a Jasco V670 UV/VIS/NIR spectrometer, with SpectraManager software. The sample path lengths were selected to ensure an absorbance below 4. Quartz cells of 1 mm path length were used for DES samples, and quartz slide cuvettes of 0.1 mm path length were used for the imidazolium samples, due to their higher viscosities and lower sample volumes. Vibrational spectroscopy was carried out using a Bruker RFS 100/S Raman spectrometer, with a Nd:YAG laser, operating at 1064 nm, using OPUS software, for samples where the intense colour of the neat IL prevented UV-Vis spectra being recorded or altered speciation was suspected.
DigiElch simulation software (ElchSoft) was used to obtain electrochemical parameters, such as formal potential with respect to the reference electrode DE, charge transfer coefficient a, and homogeneous rate constant k s from the measured voltammetric data. Fits were made on current vs. voltage data without compensation for resistance R u or double layer capacitance. An example fit is shown in Fig. 1 .
During electrochemical measurements in ILs, double layer charging and solution resistance can occur. However, with the currents used here these are unlikely to be significant. Otherwise we would expect all peak potentials to vary with scan rate. During the measurements described here, we found several systems which we classified as electrochemically reversible, with peak potentials remaining stable across the different scan rates. This leads us to believe that uncompensated resistance is not a significant problem for these measurements.
In order to determine the water content of the samples, Karl-Fischer titration (Mettler Toledo Coulometric KF titrator) was carried out before and after all electrochemical measurements. Reported values are the average of a minimum of three measurements. The water content of the liquids used in this study varied from 0.1 to 1.0%, but some contained up to 3%.
There were no efforts made to dry the liquids prior to measurement, as we aimed to emulate realistic conditions for ambient measurements. It was, however, carefully checked that speciation and important electrochemical parameters such as reversibility do not depend on water content under these conditions. Other parameters such as diffusion coefficients, which depend heavily on viscosity and hence water content, can be found in the ESI † but are not discussed further in this study.
Results and discussion

General considerations
In this study, complex stability and redox behaviour at Pt, GC and Au working electrodes were investigated for the IUPACrecommended internal standard ferrocene, in comparison to the hexacyanoferrate(III/II) couple in 15 different ionic liquids. As mentioned previously, the usage of ferrocene as a ''generic'' internal standard in ILs should be handled with care. Cyclopentadienyl ligands have been observed interacting strongly with the hydrogen bonds of the IL, and the ferrocenium cation can build ion pairs with IL anions. 20, 21, 31, 38 Hexacyanoferrate was selected for this investigation because cyanide is a strong ligand and is unlikely to be substituted. This is an advantage, as ligand exchange for a range of different anions has been observed to readily take place in chloride-rich DES media. 39 It is also, especially in contrast to ferrocene, easier to handle and exhibits better stability 40 and solubility 20, 25 in polar ionic solvents.
The redox potential of cyanoferrates can heavily depend on parameters such as ionic strength and pH. On the other hand, the same is true for the IUPAC-recommended reference couples such as ferrocene. One of the arguments for ferrocene is that the redox-active species have low or no charge, respectively and should hence be less prone to variation of chemical properties with ionic strength. In contrast, in an ionic solvent the redox potential between two highly, but similarly charged species, i.e. [Fe(CN 6 )] 3À and [Fe(CN 6 )] 4À , should be less sensitive to ionic strength compared to FeCp 2 and [FeCp 2 ] + where one species is uncharged. Generally, speciation, ionic strength, and pH have a significant effect on the UV-Vis and Raman spectra of these ions, [41] [42] [43] which allows facile quantitative and qualitative analysis of any issues that may affect comparability of redox potentials between solvents.
A redox process used as an internal standard has to conform to the following criteria: (I) the oxidised and reduced species should be sufficiently soluble in the solvent of choice 20, 24 and must form a stable species, ideally the same in each of the liquids. 20 (II) The redox process must be electrochemically reversible, i.e. must exhibit fast electrode kinetics. In a cyclic voltammogram, this typically results in a peak potential separation of ca. 60 mV at 25 1C, a charge transfer coefficient of approximately a = 0.5 19, 20, 24 and a ratio between anodic and cathodic peak currents of I pa /I pc = 1. For such diffusion controlled redox processes, the Randles-Sevcik equation (eqn (1)) must be valid. According to this, the measured peak current density should be proportional to the square root of the sweep rate and to the concentration of the redox active species in solution: 44
R is the gas constant (J mol À1 K À1 ), and T is absolute temperature (K). Further, the peak potentials should be independent of analyte concentration and sweep rate. Therefore, the redox potential (formal electrode potential) of the redox couple under investigation, DE, can be determined by averaging the peak potentials of the anodic and cathodic sweep. As electrochemical reversibility depends on the ratio of electron transfer vs. mass transfer (i.e. diffusion), reversibility in media with higher viscosity can be observed, even if the system only displays a heterogeneous rate constant in the order of 10 À5 cm s À1 . Deviations from this behaviour indicate quasi-reversible or irreversible electrode kinetics. Quasi-reversible behaviour, i.e. symmetric drifting of peak potentials with scan rate, will allow for a meaningful reference by averaging peak potentials. Irreversible behaviour in the context of this study typically results from surface adsorption, preventing meaningful thermodynamic data from being obtained. The most obvious indicator of irreversible behaviour through surface adsorption is a peak current ratio that significantly deviates from a value of 1. High deviations indicate that the data should not be used. It is useful to keep in mind that I pa /I pc 4 1 indicates adsorption of the reduced species, and I pa /I pc o 1 indicates adsorption of the oxidised species on the electrode surface. 44, 45 
Speciation studies
A key criterion of an internal standard is that it forms a species that is stable over the course of an experiment, ideally across a range of different solvents. In order to assess the suitability of ferrocene and hexacyanoferrate(III) and -(II) as potential internal standards, UV-Vis and/or Raman spectra will be measured and compared for a range of different ILs with both strongly and weakly coordinating anions.
3.2.1 Ferrocene. For ferrocene, three spin-allowed transitions in the UV-Vis spectra are expected ( 1 A 1gb 1 E 1g ; 1 A 1ga 1 E 1g and 1 A 1ga 1 E 2g ), where the latter two form an overlapping band in the range of 430 to 450 nm. [46] [47] [48] [49] This area will be used as a reference in this study.
In principle, ferrocene exhibits the typical UV-Vis bands known from conventional organic solvents, such as ethanol, in the following ionic liquids: , and the three DESs, no clearly defined absorption band is observed in the 440 nm region. The pure ionic liquids do not have any strong absorption in this region that could influence the spectra. In addition, these solutions have a deep red colour, in comparison to the orange hue of the solutions listed above. This would suggest that ferrocene is unstable under these conditions, possibly forming several species in the different ionic liquids. This can be illustrated using [C 2 mim][SCN] as an example: the UV-Vis spectrum exhibits an absorption band at 480 nm, which is typical for an Fe(III) thiocyanate complex. [50] [51] [52] Therefore, ferrocene is not a suitable redox standard for these liquids.
3.2.2 Hexacyanoferrate(III). Due to the high stability of the hexacyanoferrate(III) complex in water (log b = 43.9) 53 it can be safely assumed that ligand exchange is insignificant in aqueous media. The equivalent stability constants in ionic media are unknown and ligand exchange for other (mostly weaker) complexes has been previously observed in a range of IL and DES media. 39 To evaluate the stability of hexacyano complexes in ionic solvents, it is possible to compare UV-Vis or Raman spectra with the corresponding aqueous spectra. In the DESs Ethaline, Propaline and Glyceline, as well as the ionic liquid [C 6 mim][Cl], a series of absorption bands were observed at 272, 309, 324.5, and 431 nm, corresponding to a charge transition band and the 2 T 1g -2 E 1g , 2 T 2u -2 T 2g , 2 T 2g -2 A 1g , and 2 T 1g -2 T 2g transitions, respectively. 55 The first of these bands was not taken into consideration due to the high absorption of the ionic solvents in this part of the spectrum. Fig. 2 and 3 compare the spectra of hexacyanoferrate(III) in these chloride-based liquids and water. The spectra are comparable between solvents with relatively small solvatochromic shifts, e.g. 2.5 nm between water and Ethaline. Changes in the spectra with concentration follow the Beer-Lambert law. Small deviations between the DESs and [C 6 mim][Cl] most likely originate from an error in pathlength, as a 100 mm glass slide cuvette had to be used due to the viscosity of the liquid. Based on the spectroscopic data, we conclude that there is no notable exchange of ligands in these liquids, despite the high activity of chloride in the solvent. The solvatochromic shift is significantly smaller than the shifts observed in the ferrocene spectra in 3 ] exhibit the same overall pattern of the UV-Vis spectrum (Fig. 4 ). This would suggest that hexacyanoferrate(III) forms the same stable species as in the chloride-based systems. A slightly larger solvatochromic shift of up to 6.5 nm is observed compared to chloride-based liquids, indicating that hexacyanoferrate(III) has different solvation properties in the different media. On the other hand, the solvatochromic shift for ferrocene is significantly higher (15.5 nm), suggesting that the solvation of ferrocene has a greater dependence on the type of solvent used. 20, 21, 31, 38 For those solutions containing sulfate or fluoride, the colour changed from yellow to blue-green over a time-span of days to months, depending on the solvent. Accordingly, the UV-Vis spectra display lower absorbance at 431 nm and an additional band develops around 500 to 900 nm ( Fig. 5 ), characteristic of mixed-valent Fe(III)/(II)-cyanide colloids. [55] [56] [57] This would suggest that hexacyanoferrate(III) is very slowly reduced in these solutions.
For [C 2 mim][SCN], no UV-Vis spectrum could be recorded due to the strong colour of the solution. Raman spectra show that hexacyanoferrate(III) is metastable in this solvent and this will be discussed further in Section 3.4.
Hexacyanoferrate(II)
. Spectra of hexacyanoferrate(II) solutions in DESs show that there is always hexacyanoferrate(III) present, unless the experiment is operated under a strictly inert atmosphere ( Fig. 6 ). We conclude that hexacyanoferrate(II) is not redox stable in DES media under atmospheric conditions. The amount of hexacyanoferrate(III) present can be easily calculated from the absorption band at 431 nm [Fe(CN) 6 ] 3À . 43 For example, in experiments with 10 mM hexacyanoferrate(II) operated in air, we observed the presence of 0.5 to 5 mM [Fe(CN) 6 ] 3À , i.e. up to half of the total iron concentration, depending on the pre-treatment of the solvent. The iron ion remains hexacyano-coordinated, but is oxidised in significant proportions. However, this seemed not to have a significant effect on the cyclic voltammogram (Section 3.3.2).
In summary, neither ferrocene nor hexacyanoferrate form a stable species in all of the investigated ionic media. From these speciation studies, we conclude that ferrocene is only stable in [C 2 
Study of the electrochemical behaviour
To investigate the electrochemical behaviour of the ferrocenium/ ferrocene (FeCp 2 +/0 ) and hexacyanoferrate(III/II), i.e. [Fe(CN) 6 ] 3À/4À , electrode processes, cyclic voltammetry (CV) was carried out on three different working electrode surfaces, namely platinum (Pt), glassy carbon (GC) and gold (Au) with special regard paid to the following criteria: Peak potentials are independent of electrolyte concentration. Peak potential separation is approximately 60 mV. The charge transfer coefficient is close to 0.5, with a current density quotient close to 1.
The rate constant is near 10 À5 cm s À1 , where typically in organic solvents it would be faster than 10 À3 cm s À1 . 58 Peak current densities are in agreement with the Randles-Sevcik equation (eqn (1)).
Formal potentials are the same at different electrodes within one liquid.
All CVs were fitted using DigiElch to obtain values for redox potential, charge transfer coefficient, rate constant, and diffusion coefficient. Key findings for DE, a and k s are listed in Tables 1 and 2 . An extensive overview of the other electrochemical parameters not presented here can be found in the ESI. † 3.3.1 Electrochemical behaviour of ferrocene. The electrochemical behaviour of one of the IUPAC-recommended 22 internal standards for non-aqueous solutions, ferrocene, was studied in this selection of 15 ILs, with the values determined via DigiElch displayed in Table 1 . Rate constants for ferrocene in these liquids tend to be of the order 10 À4 cm s À1 , whilst in more commonplace organic electrolytes they tend to be around 10 À2 cm s À1 . 59 The electrochemical behaviour was investigated for those solvents in which ferrocene was found to be stable by spectroscopic methods (see Section 3.2.1), namely: 4 ], clearly pronounced oxidation and reduction waves were observed but the peaks were broad and the difference in peak potential increased with sweep rate. The peak current densities only follow the Randles-Sevcik equation for sweep rates up to 20 mV s À1 . 65 At Au electrodes, either a substantial shift in potential or large deviations of the charge transfer coefficient from the ideal value of 0.5 were observed (see Table 1 ). Ugo et al. made similar observations and associated these to adsorption of the ferrocenium ion at sweep rates of 200 mV s À1 . 66 However, the charge transfer coefficient determined in the present work of 0.44, in combination with the peak current ratio of 1.3, indicates that ferrocene, rather than ferrocenium, is adsorbed at lower sweep rates (5 to 100 mV s À1 ). 45 6 ], ferrocene is known to adsorb to gold surfaces and, upon oxidation, form a solid salt with [PF 6 ] À . 67 From these data, we conclude that ferrocene could be used as internal standard in the above media with the exception of [C 4 mim][HSO 4 ], where the electrode process is quasi-reversible and the data should be used with caution. In all cases, care should be taken when using a gold electrode as adsorption processes are likely. Further, attention must be paid to the potential window, as gold is much easier to oxidise in many ionic liquids compared to conventional electrolytes. 68 It is possible that the formal potential of the redox couple under investigation could be more positive than the gold stripping potential.
3.3.2 Hexacyanoferrate in chloride-based DESs. In this section, we analyse the electrode reaction of the hexacyanoferrate(III/II) couple in the three DESs Ethaline, Propaline and Glyceline on Pt, GC and Au electrodes, using the criteria stated previously. For all three solvents and electrodes, the peak potentials were found to be independent of both concentration and sweep rate ( Fig. 7 and 8 (left) ). Measured peak current densities as a function of sweep rate and concentration follow the Randles-Sevcik equation and an example for Ethaline is shown in Fig. 8  (right) . The same observations were made for hexacyanoferrate(II) in Ethaline. This was surprising, as this species is susceptible to oxidation under ambient conditions, as shown through spectroscopic measurements (Section 3.2.3) .
The peak separation at varying sweep rates is consistently around 70 to 90 mV, which is close to the expected value for a reversible process. 69, 70 Averaging the peak potentials for cathodic and anodic sweep on Pt results in a formal potential DE with respect to the 100 mM AgCl/Ag reference, which deviates by less than 5 mV between the different electrode surfaces. The transfer coefficient was found to be close to 0.5 on Pt and GC, with peak current ratios being close to 1. On Au, both of these parameters deviated significantly from the anticipated values, which could hint towards adsorption processes. The values indicate that in Ethaline and Propaline the oxidised species is adsorbed at sweep rates greater than 50 mV s À1 , whilst in Glyceline the reduced species is adsorbed at sweep rates smaller than 20 mV s À1 . However, the other electrochemical parameters, in particular absolute peak current densities and peak potentials, do not indicate a deviation from reversible behaviour. The heterogeneous rate constants determined here for DESs are 1.39 to 7.6 Â 10 À4 cm s À1 , compared to values in aqueous solution of 1.3 Â 10 À3 cm s À1 and in 1-n-butyl-1-methylpyrrolodinium bis(trifluoromethylsulfonyl)imide of 1.8 Â 10 À4 cm s À1 . 71 Detailed data are shown in Table 2 
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Open Access Article. Published on 13 September 2017. Downloaded on 1/9/2020 9:09:49 AM. This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence. similar to Ethaline, with peak current ratios I pa /I pc of approximately 1, and a charge transfer coefficient around 0.5, which is expected for a reversible electrode reaction. Rate constants have a magnitude of around 10 À4 cm s À1 , aside from the liquids with viscosity above 0.5 Pa s, where they have a magnitude of 10 À5 cm s À1 . The values obtained for these parameters are displayed in Table 2 [72] [73] [74] peak potential separation increased with sweep rate. The data are further affected by a significant non-faradaic current. In [C 2 mim][DEP], the values for a are between 0.59 and 0.66, with all values of I pa /I pc o 1, decreasing with increasing sweep rate. This would indicate that in this particular liquid the oxidised species is weakly adsorbed onto the electrode surface, despite the apparently quasireversible redox behaviour. 45 The average peak potential was independent of sweep rate in all three liquids, which means that for those quasi-reversible systems a meaningful potential could still be obtained. We hence propose that hexacyanoferrate is a better internal standard than ferrocene in [C 6 mim][Cl] and [C 2 mim][DEP] due to the fact that ferrocene does not form a stable species in these liquids.
When using a gold working electrode, large values of a were obtained, along with a peak current ratio I pa /I pc that varied with sweep rate, suggesting that possible adsorption of hexacyanoferrate species takes place at slow sweep rates. 28, 45 6 ], adsorption processes or even completely irreversible reactions were observed on all three electrode surfaces. We will only comment briefly here on every system. Detailed data can be found in the ESI. † During CV measurements of solutions of potassium hexacyanoferrate(III) in [C 2 mim][EtSO 4 ] on a freshly polished electrode, several scans were required before the peak potentials stabilised. In addition, a second oxidation peak was observed. Variation of the potential range did not have an impact on this second oxidation peak, indicating that it is not related to the cathodic or anodic breakdown of the solvent. It is therefore possible that oxidation of two species is taking place in a similar manner to that found by Ugo 6 ] without the addition of a surfactant. 75 The addition of water to our samples resulted in no change to the CV shape or peak potentials, merely the anticipated increase in current density due to the decrease in solution viscosity.
In summary, we propose that potassium hexacyanoferrate can function as an internal standard in the following ionic liquids: Ethaline, Propaline, Glyceline, 6 ], potassium hexacyanoferrate should not be used as an internal standard, due to the irreversible redox behaviour in those liquids, or poor solubility.
Stability and ligand exchange with the strong ligand thiocyanate
For this study, the behaviour of ferrocene and hexacyanoferrate in [C 2 mim][SCN] was of particular interest, as thiocyanate is a strong ligand. Of all liquids investigated here, [C 2 mim][SCN] is the most likely to replace ligands in the ferrocene or hexacyanoferrate complex.
For ferrocene in [C 2 mim][SCN] it was observed that the solution changes colour irreversibly with both time and temperature. As discussed above (Section 3.2.1) the UV-Vis spectra of ferrocene in solutions of varying age suggest that ferrocene becomes oxidised and builds thiocyanate-based iron(III)-complexes ( Fig. 9 ). CVs of both fresh and aged solutions are identical with those of the thiocyanate complex formed when dissolving FeCl 3 in [C 2 mim][SCN]. This is independent of the preparation method, indicating that ferrocene is not stable in [C 2 mim][SCN] over the timescales of these experiments.
Due to the intense orange colour of [C 2 mim][SCN], UV-Vis spectra could not be recorded to confirm the speciation of Fe(III) in solution. On the other hand, due to SCN À generally being a strong ligand, verifying the speciation is particularly important in this solvent. Raman spectroscopy was therefore carried out to elucidate in which form the Fe(III) is present. In all of the [C 2 mim][SCN] samples, a major band at 2056 cm À1 was observed, corresponding to CN-valence vibration of the SCN À anion, either as part of the solvent or bound to iron. 76 If any [Fe(CN) 6 ] 3À is present, an additional band would be expected around 2130 cm À1 , 77, 78 whereas the vibrational stretch of the free CN À is expected to be around 2077 cm À1 . 79, 80 If the band at 2130 cm À1 is not observed in a K 3 [Fe(CN) 6 ] sample, ligand exchange must have taken place, either slowly over time or as a consequence of the sample preparation method.
In samples which had been prepared by dissolving K 3 [Fe(CN) 6 ] at room temperature in [C 2 mim][SCN] a Raman band is observed at 2118 cm À1 , indicating the presence of [Fe(CN) 6 ] 3À complexes ( Fig. 9 ). Upon heating at 70 1C this band disappears from the spectrum over several hours and it must be assumed that CN À ligands have been replaced by SCN À .
The formal potential of the [Fe(CN) 6 ] 3À/4À redox couple in [C 2 mim][SCN] is more positive with respect to the silver wire quasi-reference than any of the DES or [C 6 mim][Cl] solutions ( Fig. 9 ), indicating that Ag + is more stable in the solution. This is consistent with observations made in previous research. 35, 39 Comparing peak potentials and peak currents as a function of sweep rate showed that the redox behaviour is diffusion controlled in [C 2 mim][SCN], which has a viscosity similar to DESs (0.02379 Pa s at 25 1C). 81 Average peak potentials of the cathodic and anodic sweeps resulted in a formal potential of 0.371 V with respect to the Ag-wire reference electrode.
Ligand exchange upon heating is also reflected in the CVs, which exhibit a second redox couple with significantly higher Fe(III/II) electrode potential. This second couple coincides with the response obtained from solutions of FeCl 3 in the same solvent ( Fig. 9 ). We conclude that K 3 [Fe(CN) 6 ] is metastable at room temperature in [C 2 mim][SCN]. As the sample is heated, [Fe(CN) 6 ] 3À decomposes slowly and an iron thiocyanate complex forms. However, the cyano-complex appears not to break apart during redox-cycling. For measurements at room temperature, K 3 [Fe(CN) 6 ] is hence a better internal standard than ferrocene as long as solutions are not heated or left for extended periods.
Conclusions
In this work, the potassium hexacyanoferrate(III) and -(II) salts were investigated as internal standards for use in a range of DES and IL. The speciation and redox behaviours were compared to ferrocene, an IUPAC-recommended internal standard. The UV-Vis spectra exhibit solvation effects, observable by solvatochromic shifts of up to 6.5 nm, which is considerably smaller than for ferrocene. Mixed-valent iron(III/II) colloids have been observed for aged solutions in all sulfate-and fluoride-containing liquids. Spectroscopic measurements of hexacyanoferrate(II) solutions in DES media indicated that a significant proportion of the solute is oxidised under atmospheric conditions. The CVs and calculated peak potentials are nevertheless identical for both hexacyanoferrate(II) and hexacyanoferrate(III). This shows that [Fe(CN) 6 ] 3À/4À displays a robust redox behaviour under atmospheric conditions. Electrochemical measurements showed that the formal potential of the ferrocene/ferrocenium redox couple was always more positive in comparison to the hexacyanoferrate(III/II) couple, as expected from their standard potentials. This can affect the suitability of ferrocene as a redox standard on gold electrodes because gold exhibits a relatively low oxidation potential in many ionic solvents and hence may be oxidised at a similar potential to ferrocene. For ferrocene, reversible or quasi-reversible redox behaviour was observed on Pt or GC electrodes at sweep rates of 5 to 100 mV s À1 , in all solutions in which the analyte was stable. The same is true for hexacyanoferrate with the exception of [C 4 4 ], deviations from reversible behaviour were present, with peak separation increasing noticeably with sweep rate above 20 mV s À1 .
On Au electrodes, adsorption processes were often observed to take place, indicated by a substantial deviation of the transfer coefficient from 0.5, which always correlates with the peak current ratio being significantly above or below 1.
In general, the rate constants for ferrocene are an order of magnitude larger than those for hexacyanoferrate(III). Further, the water content of the liquids affected their viscosity and hence diffusion coefficients, but did not seem to affect formal potentials or reversibility of the electrode reactions.
We conclude that both ferrocene and hexacyanoferrate do not represent a universally usable internal redox standard for ionic liquids. There are many cases where the IUPAC-recommended ferrocene exhibited irreversible electrode kinetics. Further, with strongly coordinating anions such as chloride, acetate, or thiocyanate, ferrocene was not even stable in solution. Solutions of hexacyanoferrate were stable in all liquids investigated on the time scale of a typical voltammetric experiment. These solutions were subject to slow reduction or oxidation, in particular under atmospheric conditions, but these processes were slow and freshly prepared solution of hexacyanoferrate(III) were stable over the course of a series measurements. The solubility of hexacyanoferrate is not sufficient in the hydrophobic ionic liquids studied here. For both redox couples, care should be Table 3 Summary of the stability of the ferrocene and hexacyanoferrate(III) species, and their reversibility in terms of sweep rate independent peak potentials in the ionic media investigated. Systems marked ''irreversible'' exhibited irreversible behaviour at all sweep rates investigated, and o5 mV s À1 indicates quasi-reversible redox behaviour taken when using an Au electrode due to adsorption effects. Therefore, the choice of internal redox standard in ionic liquids remains a decision that has to be made individually for every series of experiments. We do, however, believe that hexacyanoferrate has clear advantages in many strongly coordinating ionic liquids, mainly due to its stability with respect to ligand exchange.
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